A new member of the thrombospondin gene family, designated thrombospondin-4, has been identified in the Xenopus laevis genome. The predicted amino acid sequence indicates that the protein is similar to the other members of this gene family in the structure of the type 3 repeats and the COOH-terminal domain. Thrombospondin-4 contains four type 2 repeats and lacks the type 1 repeats that are found in thrombospondin-1 and 2. The amino-terminal domain of thrombospondin-4 has no significant homology with the other members of the thrombospondin gene family or with other proteins in the database. RNAse protection analysis establishes that the initial expression of Xenopus thrombospondin-4 is observed during neurulation. Levels of mRNA expression increase twofold during tallbud stages but decrease by the feeding tadpole stage. The size of the thrombospondin-4 message is 3.3 Kb and 3.4 Kb in the frog and human, respectively. Northern blot analysis of human tissues reveals high levels of thrombospondin-4 expression in heart and skeletal muscle, low levels in brain, lung and pancreas and undetectable levels in the placenta, liver and kidney, These data establish the existence of a new member of the thrombospondin gene family that may participate in the genesis and function of cardiac and skeletal muscle.
Abstract.
A new member of the thrombospondin gene family, designated thrombospondin-4, has been identified in the Xenopus laevis genome. The predicted amino acid sequence indicates that the protein is similar to the other members of this gene family in the structure of the type 3 repeats and the COOH-terminal domain. Thrombospondin-4 contains four type 2 repeats and lacks the type 1 repeats that are found in thrombospondin-1 and 2. The amino-terminal domain of thrombospondin-4 has no significant homology with the other members of the thrombospondin gene family or with other proteins in the database. RNAse protection analysis establishes that the initial expression of Xenopus thrombospondin-4 is observed during neurulation. Levels of mRNA expression increase twofold during tallbud stages but decrease by the feeding tadpole stage. The size of the thrombospondin-4 message is 3.3 Kb and 3.4 Kb in the frog and human, respectively. Northern blot analysis of human tissues reveals high levels of thrombospondin-4 expression in heart and skeletal muscle, low levels in brain, lung and pancreas and undetectable levels in the placenta, liver and kidney, These data establish the existence of a new member of the thrombospondin gene family that may participate in the genesis and function of cardiac and skeletal muscle.
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LATELET thrombospondin is a 420,000-D glycoprotein that is structurally and functionally similar to the adhesive glycoproteins (Lawler and Hynes, 1986) . Multiple structural domains can be discerned on an electron microscopic level (Galvin et al., 1985; Lawler et al., 1985) . Globular domains at the NH2 and COOHterminals are involved in the interaction of thrombospond'm with the cell surface (Gartner et al., 1984; Dixit et al., 1985; Clezardin et al., 1988; Sun et al., 1989; Kosfeld et al., 1991) . The central portion of the molecule is composed of multiple copies of structural motifs found in other proteins (Lawler and Hynes, 1986) ..~a~no acid sequences that have been shown to mediate cellular attachment are also present in the central portion of the molecule (Rich et al., 1990; Aseh et al., 1992; Prater et al., 1991; Tuszynski et al., 1992) . In addition, thrombospondin contains a region that is rich in calcium binding sites and that contains the arg-glyasp (RGD) sequence that promotes the adhesion of some cell types (Lawler and Simons, 1983; Lawler and Hynes, 1986; Lawler et al., 1988) .
Thrombospondin has been shown to modulate the attachment of a variety of cell types in vitro (Varani et al., 1986 (Varani et al., , 1988 Roberts et al., 1987; Santoro, 1987; Tuszynski et al., 1987; Lawler et al., 1988; Neugebauer et al., 1991; O'Shea et al., 1991; Stomski et al., 1992) . For some cells, the interaction with thrombospondin involves the concurrent partieipation of several domains within the molecule and multiple receptors on the cell surface (Asch et al., 1991; Stomski et al., 1992) . The NH2-terminal heparin-binding domain binds to proteoglycans including syndecan and to cell surface sulfatides (Roberts et al., 1985; Sun et al., 1989) . Thrombospondin also interacts with CD36 or platelet glycoprotein IV (Legrand et al., 1991; Asch et al., 1991; Stomski et al., 1992) . Several integrin receptors, including Otnb/33, UJ33, and ot~31 have been reported to bind thrombospondin (Lawler et al., 1988; Lawler and Hynes, 1989; TUszynski et al., , 1991 Karczewski et al., 1989; Stomski et al., 1992) . In addition, ~,/31~ and a complex of/31 with a novel t~ subunit have been reported to be involved in neurite outgrowth (Neugebauer et al., 1991) . Through these, and yet to be identified interactions, thrombospondin can modulate cell migration, angiogenesis and neurite outgrowth.
The 185,000-D thrombospondin polypeptides are encx~ed by two distinct genes, designated THBS/and THBS2 (Bornstein et al., 1990 (Bornstein et al., , 1991a (Bornstein et al., , 1991b Wolf et al., 1990) . To date, partial or complete eDNA sequences are available for human, mouse, and frog thrombospondin-1, and human, mouse and chicken thrombospondin-2 (Lawler and Hynes, 1986; Bornstein et al., 1990 Bornstein et al., , 1991a Lawler et al., 1991a, b; Urry et al., 1991) . The overall molecular architecture of thrombospondin-1 and 2 are equivalent. The predicted amino acid sequences are very similar in the type 1, 2 and 3 repeats and the COOH-terminal domain, but the NH2-terminal domains of mouse thrombospondin-1 and 2 are only 32% identical (Bornstein et al., 1991a, b) . Phylogenetic analysis based on progressive sequence alignment and comparison based on parsimony indicates that the gene duplication that produced the thrombospondin-1 and 2 genes occurred 583 million years ago (J. Lawler, M. Duquette, L. Urry, K. McHenry, and T. Smith, submitted for publication).
In this paper, we describe the cloning and sequencing of a new member of the thrombospondin gene family. This protein appears to have been produced by a gene duplication event that occurred 925 million years ago (J. Lawler et al., 1993) . Whereas the type 3 repeats and the COOH-terminal domain are similar to those of thrombospondin-1 and 2, this protein contains four type 2 repeats, instead of three, and lacks the type 1 repeats and the region of homology with procollagen. We also show that this new member of the thrombospondin gene family is expressed at high levels in adult heart and skeletal muscle. This distribution distinguishes this protein from the recently identified protein, designated thrombospondin-3 (Vos et al. 1992) . Based on the number of differences between a partial sequence of mouse thrombospondin-3 and the protein that we have cloned, and on differences in the tissue distribution, we propose that the protein that is described here should be designated thrombospondin-4. In addition, we report that thrombospondin-4 mRNA is first expressed in neurula stage
Xenopus laevis embryos consistent with a possible role for this protein in heart and skeletal muscle formation.
Materials and Methods

Degenerate Oligonucleotides
The mouse thrombospondin-1, chicken thrombospondin-2 and frog thrombospondin-1 clones were isolated by screening libraries with existing probes for other species at low stringency (Lawler et al., 1991a, b; Urry et al., 1991) . We then aligned these sequences with the human thrombospondin-1 sequence and identified two regions that are highly conserved in terms of the nucleotide sequence. Based on these sequences, degenerate oligonucleotides were synthesized and used as primers for the PCR. These sequences fall in the type 3 repeats and the COOH-terminal region of the molecule (Table I) .
Polymerase Chain Reaction
Aliquots (1, 5 and 25 #1) ofa Xenopus laevis stage 45 eDNA library (DeSimone, unpublished observations) were brought to a final volume of 71.5/~1 with H20. The samples were heated to 70"C for 5 rain then cooled on ice. To each sample, 10 #1 of 10x reaction buffer (Cetus Corp., Emeryville, CA), 6/zl of 25 mM MgC12, 16 #1 of dNTPs and 300 pmol of primers were added. The reaction mixture was heated to 95"C for 5 min and then equilibrated to the annealing temperature (37-48~ TAQ polymerase (2.5 U) was added and the sample was heated to 72~ for 3 min. The amplification cycles were (a) incubate at 94"C for 1 min and 20 s, (b) incubate at 48~ for 2 rain, (c) ramp to 72~ over 2 rain, and (d) incubate at 72~ for 3 min. This cycle was repeated 30-40 times; finally the sample was incubated at 72"C for 7 rain. The PCR products were separated by agarose gel electrophoresis and the appropriately sized products, based on the thrombospondin-1 and 2 sequences, were subcloned into pBlueseript KS or SK (Stratagene Corp., LaJolla, CA).
Cloning and Sequencing
To establish the validity of the thrombospondin-4 clone and to complete the sequence, we screened the Xenopus/aev/s state 45 library with the PCR 
product as the probe. The probe was labeled with digoxigenin-dUTE and hybridization performed using the Genius Kit following the supplier's protocols (Boehringer Mannheim Corp., Indianapolis, IN). Positive plaques were taken through successive rounds of screening with the same probe at progressively lower plaque densities. The purified plaques were amplified to yield high titre plate stocks. Because the library was constructed in the XZAPII vector pBluescript II SK, the inserts were excised with helper phage and grown up directly following the supplier's protocols (Stratagene Corp.). BamHI and EcoR1 fragments were subcloned into pBluescript II SK and KS. All sequencing was done by the chain termination method of Sanger et al. (1977) with Sequenase reagents (US Biochemical Corp., Cleveland, OH). The ends of all clones and subclones were sequenced with the remainder of the sequence being determined using synthetic oligonucleotides as primers. (Lawler and Hynes, 1986) . Of these clones, one clone (designated XM15) contains additional sequence at the 5' end of the TSP-4B family (Fig. 1) .
Preparation of Probe for Human Thrombospondin-3
The genomic clone GPEM-2 was kindly provided by Dr. Sandra Gendler (Imperial Cancer Research Fund, London; Lancaster et al., 1990) . BamHI fragments of GPEM-2 were subcloned into pBluescript KS and the ends of each clone were sequenced. One of these clones contained sequences that were homologous to the 3' end of the thrombospondin-1, 2 and 4. Based on this homology, the position of the 5' end of the last exon was determined. The 3' end of this exon was taken to be the polyadenylation signal. Oligonucleotides that primed at the 5' and 3' ends of the last exon were used to amplify and clone a 293 bp DNA segment that corresponds to the last exon of the human thrombospondin-3.
Northern Blot Analysis
The Xenopus thrombospondin-4 clone XF3 was digested with EcoR1 and Xhol and the insert purified. The human thrombospondin-1 probe was the human full-length eDNA . The PCR product for the last exon of thmmbospondin-3 and the fl-actin probe (Clontech, Palo Alto, CA) were radiolabeled directly. All probes were radiolabeled with the Multiprime DNA Labeling System (Amersham Corp., Arlington Heights, IL). A Northern blot that was prepared with Poly A+ RNA from adult human heart, brain, placenta, lung, liver, skeletal muscle, kidney and pancreas was obtained from Clontech. The blot was prebybridized and hybridized as described previously (Lawler and Hynes, 1986) .
Construction of Probes for RNAse Protection
Templates for the synthesis of antisense thrombospondin-4 transcripts were prepared by linearizing a BamHI subclone of clone XF3 with EcoR1. A standard in vitro transcription reaction was carried out using 0.5 #g of template and 20 U of T7 RNA polymerase (Promega Corp., Madison, WI) as described in DeSimone et al. (1992) . Transcripts prepared using this template were r~355 nucloatides in length and protected a fragment of '~ 300 nucleotides. EFlc~ template was prepared by digesting a PstI-Sacl fragment of Xenopus EFI-tx cloned into pSP65 (Krieg et al., 1989) with AluI. Antisense transcripts "~90 nucleotides in length were synthesized using Sp6 RNA polymerase (Promega Corp.) . This probe protects a fragment of '-75 nucleotides. Probes were labeled by the incorporation of [c~-32P]rUTP during the synthesis reaction (800 Ci/mmol; ICN Biomedicals Inc., Costa Mesa, CA) and purified on a 5% polyacrylamide denaturing gel.
RNAse Protection Analysis
Total RNA was isolated from embryos exactly as described in DeSimone et al. (1992) . Embryo equivalents of total RNA were then hybridized to 50000 cpm of purified probe. Hybridization was carried out in the presence of 80% formamide, 0.4 M NaCI, 40 mM Pipes (piperazine-N,N'-bis-2-ethanesulfonic acid), and 1 mM EDTA at 45~ for at least 12 h. Digestion of unhybridized probe and electrophoresis was carried out exactly as described in DeSimone r al. (1992) , except that 47 U of RNAse A and 344 U RNAse TI (Boehringer Mannheim Corp.) were used per 350 #1 RNAse reaction.
Results
Identification of Thrombospondin-4
Degenerate PCR using the Xenopus laevis stage 45 library has produced four distinct sequences that are related to the thrombospondins. Two of the four sequences correspond to the two copies of the thrombospondin-1 gene that are present in the Xenopus genome (Urry et al., 1991) . The Xenopus genome duplicated •30 million years ago (Bisbee et al., 1977) . In some cases, both copies of the gene are expressed (e.g., DeSimone and Hynes, 1988) . To date, the thrombospondin-1 sequences represent the majority of the products that we have obtained. However, two PCR products comprise sequences that are related to, but clearly distinct from thrombospondin-1. The sequences of these two PCR products are very similar to each other suggesting that they represent the two copies of a newly identified gene in the Xenopus genome. To establish that these sequences are in fact derived from the Xenopus library and to obtain more nucleotide sequence, we have prepared a probe from the PCR product and screened the library. A screen of 120000 plaques produced four positive clones that range in size from 1.7 to 2.3 kb (Fig.  1 , XF1-XF4). As shown in Fig. 1 , the restriction maps of the clones indicate that two distinct gene products can be identified. The longest clone for each gene (XF1 and XF3) has been sequenced on both strands. The sequence of the PCR products is included in the sequences of these clones. These data confirm that the PCR product is derived from the Xenopus library and not from another contaminating source. When clone XF3 is used to probe a Northern blot of Xenopus stage 17 RNA, a 3.3 kb band is observed (Fig. 2) . Because the message size is greater than the length of clone XF3 and the reading frame is open at the 5' end of the predicted amino acid sequence for clone XF3, the library was rescreened with the EcoR1 fragment of clone XF1. This screen produced six additional clones (XS5-XS10, Fig. 1 ). Clone XS9 has been sequenced on both strands. Clone XS9 is ,,o469 nucleotides smaller than the message and the reading frame is open at the 5' end of the predicted amino acid sequence. The library has been rescreened with the EcoR1 to BamHI fragment of XS9. Four additional clones have been isolated (XTll-XT14); however, they do not contain additional nucleotide sequence.
To obtain additional 5' sequence, a Xenopus laevis stage 22 library was screened. Restriction endonuclease mapping indicated that one of the clones (XM15) that was isolated contained additional 5' sequence for the TSP-4B family (Fig. 1) .
Determination of Nucleotide Sequence
The clones XF3, XS9, and XM15 have been used to deter- 
Amino Acid Sequence
An open reading frame that is 931 amino acids long is predicted from the nucleotide sequence of Xenopus thrombospondin-4 (Fig. 3) Four adjacent type 2 repeats can be identified on the basis of the positions of the cysteine residues (Fig. 4) . The overall homology with other thrombospondins is low in this region and the introduction of several gaps is necessary to optimize the alignments. However, the second type 2 repeat of thrombospondin-4 is similar to those of thrombospondin-1 and 2, in that thirteen residues are inserted between the last two cysteine residues. In addition, a consensus sequence for ~/-hydroxylation can be identified in the second type 2 repeat of thrombospondin-1, 2 and 4 (see Discussion). The first and third type 2 repeats of thrombospondin-4 also contain consensus sequences for/~-hydroxylation (Fig. 3) .
The type 3 repeats of Xenopus thrombospondin-4 are
The Journal of Cell Biology, Volume 120, 1993 61.4% identical to the type 3 repeats of human thrombospondin-1 (Fig. 4) . The consensus sequence and overall organization of the type 3 repeats of thrombospondin-4 are equivalent to thrombospondin-1, with the second and fourth type 3 repeats being truncated after the second cysteine. Thrombospondin-4 contains four amino acids (PPGP) at the end of the sixth type 3 repeat that do not align with sequences in thrombospondin-1 or 2.
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Alignment of the COOH-terminal of the Xenopus
thrombospondin-4 sequence with the last 227 amino acids of human thrombospondin-1 reveals that 60.8 % of the amino acids are identical and no insertions or deletions are required. The thrombospondin-4 sequence includes fifteen amino acids that extend beyond the stop codon for human thrombospondin-1. The cysteine residue in position 898 aligns with a valine residue in thrombospondin-1 and 2. Because thrombospondin-4 has an odd number of cysteine residues in the predicted mature peptide, it is possible that cysteine(898) has a free sulfhydryl group. here are equivalent to those described by Krieg et al. (1989) . Embryos were staged according to Nieuwkoop and Faber (1967) . Stage 8 corresponds to the mid-blastula, which is marked by the onset of zygotic transcription in Xenopus (Newport and Kirschner, 1982) .
A. T y p e 2 R e p e a t s of T h r o m b o s p o n d l n -4 :
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T y p e 3 R e p e a t s of T h r o m b o s p o n d i n -4 :
(P), probe alone, unhybridized transcript, no RNAse; (t) tRNA control lane, no protected fragments after RNAse digestion. Stages include: (1) fertilized egg, (8) mid-blastula, 00-12) early-late gastrula, 07) neurula, (25-35) tailbud stages, (45) feeding tadpole.
Thrombospondin-4 protected fragment is ,,o300 nucleotides. EFI-a protected fragment is ,x,75 nucleotides. Full length EFI-c~ probe (90 nucleotides) is not shown.
Expression of Thrombospondin-4 during Xenopus Development
RNAse protection analysis has been used to establish the temporal pattern of thrombospondin-4 expression during Xenopus development (Fig. 5) . 10 embryo equivalents of fertilized eggs and representative developmental stages have been hybridized with 32p-labeled antisense thrombospondin-4 and EFI-oL transcripts followed by digestion with RNAse as described in Materials and Methods. EFl-ot has been included as a control for RNA loading (Krieg et al., 1989) . No thrombospondin-4 mRNA is detected in egg, cleavage stage, blastula or gastrula stage embryos, even after prolonged exposure. These data indicate that thrombospondin-4 is not maternally stored in Xenopus. Furthermore, thrombospondin-4 transcripts are not among those mRNAs synthesized at the onset of zygotic transcription, which commences at the mid-blastula stage in Xenopus (Newport and Kirschner, 1982) . Initial expression of thrombospondin-4 is observed during neurulation (Fig. 4, stage 17) . Levels of mRNA expression increase ,~twofold during tailbud stages but decrease by the feeding tadpole stage (Fig. 5, stages 25 , 35, and45) .
Expression of Thrombospondin-4 in Adult Human 1Issues
A Northern blot of poly A+ selected RNA from eight adult human tissues is shown in Fig. 6 . The size of the human thrombospondin-4 message is 3.4 kb. Thrombospondin-4 Figure 7 . Schematic model of thrombospondin-4. The molecular architecture of thrombospondin-4 is shown below that of thrombospondin-1 or 2. The NH2 terminal is to the left and the COOH terminal is to the right. Whereas the NH2-terminal domains are similar in size, they share very little sequence homology. Two interchain disulfides of thrombospondin-1 and 2 are depicted as vertical lines between the NH~-terminal domain and the region of homology with procollagen. Whereas two cysteine residues are present in a similar location in thrombospondin-4, the structure of the protein that contains the thrombospondin-4 polypeptide remains to be determined. shows a restricted pattern of expression. High levels of expression are observed in the heart and skeletal muscle (Fig.  6) . On longer exposures, a faint band is detectable in the tissue from the brain, lung and pancreas. No expression has been detected in the placenta, liver or kidney. Comparable levels of the 2.0 kb form of/3-actin are observed in all of the lanes except the pancreas (Fig. 6) . Because a considerable fraction of the total mRNA in the pancreas encodes preproinsulin and a-amylase, other mRNAs give a lower hybridization signal. Thus, although the thrombospondin-4 signal is weak in the pancreas, the relative level of expression may be significant. When the same blot is probed for thrombospondin-3, the strongest signal is observed in the lung (Fig. 6 ). The size of the thrombospondin-3 message is also 3.4 kb. Lower levels of thrombospondin-3 expression are observed in most of the lanes with the brain displaying the weakest hybridization signal (Fig. 6) . The adult lung tissue also produces the strongest signal when the blot is probed with a human thrombospondin-1 probe (Fig. 6 ). Varying levels of thrombospondin-1 are observed in all of the tissues on the blot (Fig. 6 ). In this case, the principal message is 6.0 kb with faint bands at 4.5 and 3.6 kb.
Discussion
In this paper, we have described a new member of the thrombospondin gene family, designated thrombospondin-4. This member is similar to thrombospondin-1 and 2 in that the type 3 (calcium-binding) repeats and the COOH-terminal domain are conserved. By contrast, the NH2-terminal domain is different from those of thrombospondin-1 and 2, and the regions of homology with procollagen and the type 1 repeats are absent (Fig. 7) . Thrombospondin-4 appears to have a more restricted pattern of tissue expression than the other members of the thrombospondin gene family. The highest levels of thrombospondin-4 message are in adult human cardiac and skeletal muscle. These data indicate that specific tissues are capable of synthesizing specific forms of thrombospondin and that biodiversity in the thrombospondin gene family is generated at a transcriptional level with multiple genes participating. The difference in tissue distribution between thrombospondin-3 and 4 was the first indication that they represented different gene products (Vos et al., 1992) . Several other observations support this conclusion. The amino acid identity between the coding sequences of mouse thrombospondin-3 and Xenopus thrombospondin-4 is lower than would be predicted based on the high level of sequence identity between mouse and Xenopus thrombospondin-1 in an equiva-lent region (Vos et al., 1992; Lawler et al., 1991b; Urry et al., 1991) . Thrombospondin-3 and 4 are also distinct in the size and sequence of the 3' untranslated regions. However, because our clones have been isolated from a Xenopus library and the initial characterizations of thrombospondin-3 have been performed in the mouse and human, differences in sequence or gene structure might be due to species variations (Vos et al., 1992) . Using oligonucleotide primers that are based on the Xenopus sequence, we have isolated and sequenced a human thrombospondin-4 clone (J. Lawler, M. Duquette and K. McHenry, unpublished data) . This establishes that all four forms of thrombospondin are present in the human genome. We are currently mapping the thrombospondin-4 gene in the human and mouse genomes.
The overall molecular architecture of thrombospondin-4 is similar to that of thrombospondin-1 and 2 in that the NH2 and COOH-terminal portions do not contain multiple copies of sequence motifs and are not homologous to other proteins in the database. When the database is searched with the COOH-terminal domain of thrombospondin-4, only significant homology with thrombospondin-1 and 2 is detected. However, a search with the first 282 amino acids of the sequence reported here fails to identify thrombospondin-I and 2. This gradient of homology seems to represent a general feature of the thrombospondin gene family: the levels of identity between the thrombospondin-1 sequences in the human and mouse, or the thrombospondin-1 and 2 sequences in the mouse, are significantly greater at the 3' end of the genes.
The molecular architecture of the central portion of thrombospondin-4 is distinct from that of thrombospondin-1 or 2 (Fig. 7) . Whereas the type 2 and type 3 repeats are present in all of the forms of thrombospondin that have been sequenced to date, thrombospondin-4 lacks the region of homology with procollagen and the type 1 repeats. This suggests that the divergence of thrombospondin-4 from the branch that gave rise to thrombospondin-1 and 2 occurred before the exon shuffling events that led to the insertion of the region of homology with procoUagen and the type 1 repeats. We have proposed that this gene duplication occurred 925 million years ago (J. Lawler et al., 1993) . The thrombospondin-1 and 2 branches appear to have diverged 583 million years ago (J. Lawler et al., 1993) . By this time, the region of homology with procollagen and the type 1 repeats were apparently present. This proposal is consistent with the existence of the type 1 repeats in the invertebrate, C. elegans (Leung-Hagesteijn et al., 1992) . In vitro mutagenesis experiments and expression of variant forms of the thrombospondin-1 polypeptide indicate that the region of homology with procollagen is involved in trimer assembly . The absence of this region from thrombospondin-4 may indicate that this molecule is not trimeric.
Whereas thrombospondin-1 and 2 have three type 2, EGFlike repeats, thrombospondin-4 has four type 2 repeats. A proposed consensus sequence for B-hydroxylation is similar to a sequence that is found in the second type 2 repeat of all of the members of the thrombospondin gene family (Sterdlo et al., 1988) . This sequence is found between the cysteine residues at positions 312 and 324 ofXenopus thrombospondin-4 (Fig. 3) . The asparagine at position 314 would be predicted to be/~-hydroxylated. In thrombospondin-4, the consensus sequence for/~-hydroxylation is also found in the first and third type 2 repeats (Fig. 3) . The only variation from the consensus sequence is the insertion of an additional residue between the fourth and fifth cysteine residues in the thrombospondin type 2 repeats. Human thrombospondin-1 has been reported to contain erythro-/~-hydroxyasparagine (Przysiecki et al., 1987) . In factor IX and protein C, ~hy-droxylation of an aspartic acid residue of the EGF-like domain is involved in calcium binding to this domain (Ohlin et al., 1988; Hanford et al., 1991) . Mutation of the aspartic acid to asparagine in the EGF-like repeat of factor IX markedly reduces calcium binding. However, if a glutamic acid residue is present in a specific position that is upstream of the asparagine, this repeat is able to support calcium binding (Fig. 3) . This has been designated a type II consensus sequence by Hanford and co-workers (1991). All of the members of the thrombospondin gene family that have been sequenced to date contain this motif (Fig. 2) . These data suggest that the second EGF-like repeat of thrombospondin contains a calcium-bindiag site that has been conserved during evolution.
Thrombospondin-4 mRNA is expressed early in embryogenesis, suggesting a role for this protein in development. The highest levels of thrombospondin-4 expression that are observed coincide with the appearance of the major organ systems and tissue types in the embryo. These events include the formation of the heart, vascular system and skeletal muscle. Interestingly, after reaching maximal levels of expression during tailbud stages a reproducible drop in thrombospondin-4 mRNA levels is noted by the feeding tadpole stage. Further analysis will be required to determine the spatial expression of both thrombospondin-4 mRNA and protein during these stages using in situ hybridization and immunohistochemical methods. However, given the timing of expression in the embryo and the adult tissue distribution of thrombospondin-4 mRNA (Figs. 5 and 6), it is reasonable to propose that thrombospondin-4 may have an important function in heart and muscle morphogenesis. Immunocytochemistry with monoclonal and polyclonal antibodies that have been prepared against human platelet thrombospondin indicates that thrombospondin(s) are widely expressed in the developing mouse embryo (O'Shea and Dixit, 1988; Corless et al., 1992) .
The data presented laere identify a fourth member of the thrombospondin gene family. Comparisons of the sequences ofXenopus thrombospondin-4 with mouse thrombospondin-3 suggest that they were produced by a gene duplication that occurred before the gene duplication that separated their branch from the thrombospondin-1 and 2 branch (J. Lawler et al., 1993) . The sequences suggest that the type-2 and 3 repeats and the COOH-terminal domain are conserved and therefore, serve a function that is common to all of the members of the thrombospondin gene family. By contrast, the NH2-terminal domain, the regions of homology with procollagen and the type 1 repeats may have tissue-specific functions. These data indicate that thrombospondin-4 has activities in common with thrombospondin-1 and 2, that are mediated by the type 2 and type 3 repeats or the COOHterminus, and also has unique functions that are mediated by the divergent NH2-terminai domain. Assuming that thrombospondin-4 is a secreted protein, as the presence of an apparent signal sequence indicates, it is likely that its interac-tions with the extracellular matrix and with the cell surface will be different from those of thrombospondin-I and 2. The ability of thrombospondin-I to interact with other extracellular matrix and with the cell surface components has been located to the 70,000-D chymotryptic fragment that corresponds to the procollagen homology region, and the type 1 and type 2 repeats . The type 1 repeats contain consensus heparin-binding sequence motifs and indeed bind heparin (Guo et al., 1992) .
For thrombospondin-1, it is known that cell-binding activity involves the amino-terminal heparin-binding domain; the CSVTCG sequence that is located within the type 1 repeats; the RGD sequence that is located within the last type 3 repeat, and the COOH-terminal domain (Asch et al., 1991;  Kosfeld et al., 1991; Stomski et al., 1992) . These sites are also present in thrombospondin-2. Because Xenopus thrombospondin-4 does not contain the CSVTCG or RGD sequences, and possibly does not bind heparin, it is clear that its interactions with cells will be different from those of thrombospondin-1 and 2. Efforts are currently under way to determine if thrombospondin-4 is indeed a cell adhesion molecule. Such studies will yield information regarding the functions of thrombospondin-4 and will also lead to fresh insights concerning the functions of the other members of the thrombospondin gene family.
